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Using an optically-trapped mixture of the two lowest hyperfine states of a 6Li Fermi gas, we
observe two-field optical tuning of the narrow Feshbach resonance by up to 3 G and an increase
in spontaneous lifetime near the broad resonance from 0.5 ms to 0.4 s. We present a new model
of light-induced loss spectra, employing continuum-dressed basis states, that agrees in shape and
magnitude with measurements for both broad and narrow resonances.
PACS numbers: 03.75.Ss
Optical control methods offer tantalizing possibilities
for creating “designer” two-body interactions in ultra-
cold atomic gases, with both high spatial resolution and
high temporal resolution. By controlling the elastic scat-
tering length, the inelastic scattering length, and the ef-
fective range, optical methods enable control of few-body
and many-body systems, opening new fields of research.
Single optical field methods have been used to con-
trol Feshbach resonances, with large detunings to sup-
press spontaneous scattering, leading to limited tunabil-
ity [1–9]. The first experiments, by Lett and collabora-
tors in a Na Bose gas, demonstrated optically-induced
Feshbach resonances, coupling the ground and excited
molecular states in the input channel [3]. Recently, Chin
and coworkers observed suppression of both spontaneous
scattering and the polarizability of Cs atoms, by tuning
between the D1 and D2 lines [9]. This method suppresses
unwanted optical forces and achieves a lifetime up to 100
ms with rapid but limited tuning, by modulating the in-
tensity of the control beam.
Building on ideas suggested by Bauer et al., [7] and by
Thalhammer et al., [10], we are developing two-field opti-
cal control methods [11, 12] that create a molecular dark
state in the closed channel of a magnetic Feshbach reso-
nance, as studied recently in dark state spectroscopy [13].
This approach is closely related to electromagnetically in-
duced transparency (EIT) [14], where quantum interfer-
ence suppresses unwanted optical scattering. In contrast
to single field methods, our two-field methods are ap-
plicable to broad Feshbach resonances, as they produce
relatively large tunings for a given loss rate. Further,
the two-field methods produce narrow energy-dependent
features in the scattering phase shift, enabling control of
the effective range [12]. Analogous to the EIT method
of enhancing optical dispersion in gases with suppressed
absorption [14], the effective range can be modified in
regions of highly suppressed optical scattering.
Implementation of optical control methods requires
an understanding of the optically-induced level structure
and energy shifts, which depend on the relative momen-
tum of a colliding atom pair. Our original theoretical
approach [11, 12] and that of other groups [7] employed
adiabatic elimination of an excited molecular state am-
plitude, which fails for very broad resonances where the
hyperfine coupling constant is large. This unresolved is-
sue has been noted previously [15].
FIG. 1: Basic level scheme for the two-field optical technique.
Optical fields of frequencies ω1 (detuning ∆1) and ω2 (detun-
ing ∆2) , respectively, couple two singlet ground molecular
states |g1〉 and |g2〉 to the singlet excited molecular state |e〉;
VHF is the hyperfine coupling between the incoming atomic
pair state in the open triplet channel |T, k〉 and |g1〉, which is
responsible for a magnetically controlled Feshbach resonance.
In this Letter, we demonstrate large shifts of magnetic
Feshbach resonances and strong suppression of spon-
taneous scattering in measurements of two-field light-
induced loss spectra. Further, we present a new the-
oretical approach to describe control of broad and nar-
row Feshbach resonances in a unified manner, replacing a
“bare” state description by a more natural description in
terms of “continuum-dressed” states that incorporate the
hyperfine coupling into the basis states. Using the mea-
sured Rabi frequencies, the predicted relative-momentum
averaged loss spectra agree in shape and magnitude with
data for both broad and narrow resonances.
The basic level scheme for the two-field optical tech-
nique is shown in Fig. 1. An optical field with Rabi
frequency Ω1 and frequency ω1 couples the ground vi-
brational state |g1〉 of the 1Σ+g potential to the excited
2vibrational state |e〉 of the 1Σ+u potential. A second opti-
cal field with Rabi frequency Ω2 and frequency ω2 couples
a lower lying ground vibrational state |g2〉 to the excited
vibrational state |e〉. The ω1 beam results in a light shift
of state |g1〉 as well as atom loss due to photoassociation
from the triplet continuum |T, k〉 to the excited state |e〉.
The ω2 beam suppresses atom loss through destructive
quantum interference. In a magnetic field B, the triplet
continuum |T, k〉 tunes downward ∝ 2µB B, where µB is
the Bohr magneton, µB/h ≃ h× 1.4 MHz/G. |T, k〉 and
|g1〉 have a hyperfine coupling constant VHF , producing
a Feshbach resonance. For our experiments with 6Li, |g1〉
and |g2〉 are the v = 38 and v = 37 ground vibrational
states and |e〉 is the v = 68 excited vibrational state,
which decays at a rate γe = 2π × 11.8 MHz.
The detunings of the optical fields that couple state
|g1〉 and |g2〉 to |e〉 are ∆1 and ∆2, respectively. The
single photon detuning of the ω1 beam for the |T 〉 →
|e〉 transition is a function of magnetic field and can be
defined at a reference magnetic field Bref as ∆e = ∆L −
2µB(B−Bref )/h¯, where ∆L is the detuning of the optical
field when B = Bref . The two-photon detuning for the
|T 〉 − |e〉 − |g2〉 system is δ = ∆e −∆2.
We prepare a 50:50 mixture of 6Li atoms in the two
lowest hyperfine levels, |1〉 and |2〉 in a CO2 laser trap
with trap frequencies (ωx, ωy, ωz) = 2π×(3100, 3350, 120)
Hz. The |1〉-|2〉 mixture of 6Li has a broad Feshbach
resonance atB∞ = 832.2 G [17, 18] of width ∆B = 300 G
due to strong hyperfine coupling of the triplet continuum
to the “broad” singlet state |g1〉B [12]. In addition, there
is a narrow Feshbach resonance at 543.2 G of width ∆B
= 0.1 G [19] due to weak second order hyperfine coupling
of the triplet continuum |T 〉 to the “narrow” singlet state
|g1〉N [12]. After forced evaporation, and re-raising the
trap to full trap depth, we have approximately 105 atoms
per spin state for our experiments. We generate both the
ω1 and ω2 beams from diode lasers, locked to a stabilized
cavity near 673.2 nm. The relative frequency is ≃ 57
GHz [13] with a jitter < 50 kHz. The absolute frequency
stability is <100 kHz. Both laser beams are sent through
fibers and focused onto the optically-trapped atom cloud
with both beams polarized along the bias magnetic field
z-axis [16].
Initially, we use a single optical field (ω1 beam) to ob-
serve the shift of the narrow Feshbach resonance in the
atom loss spectra. After forced evaporation at 300 G, the
magnetic field is swept to the field of interest and allowed
to stabilize. Then the ω1 field is shined on the atoms for
5 ms, with a detuning ∆L = 30.2 MHz (with ∆L ≡ 0 for
B = Bref = 543.2 G), after which the atoms are imaged
at the field of interest to determine the density profile
and the atom number.
Single field atom loss spectra versus magnetic field,
Fig. 2, exhibit two loss peaks: i) A broad peak arises at
554 G, where the ω1 optical field is resonant (∆e = 0)
with the |T 〉 → |e〉 transition. Here, the transition arises
FIG. 2: Shifting the narrow Feshbach resonance at 543.2 G
using a single optical field. The large loss peak on the right
arises from the broad resonance; The left loss peak arises from
the shifted narrow resonance. Vertical dashed line: Position
of the unshifted narrow resonance. The background (non-
optical) three-body loss near 543.2 G has been suppressed for
clarity. Pulse duration τ = 5.0 ms; T = 5.4µK; ∆L = ∆1 =
30.2 MHz; (a) Ω1 = 2.00 γe; B
′
res = 541.9 G (b) Ω1 = 2.65 γe;
B′res = 541.0 G (c) Ω1 = 3.10 γe; B
′
res = 540.2 G; γe =
2pi × 11.8 MHz. Blue dots: Experiment; Solid red curves:
Continuum-dressed state model [16].
from the hyperfine coupling of |T 〉 to |g1〉B, far from the
resonance at 832.2 G. ii) A narrow peak below 543.2 G
occurs as the magnetic field tunes the triplet continuum
near |g1〉N , which is light-shifted in energy (to B′res) due
to the ω1 optical field, detuned from the |g1〉N → |e〉
transition by ∆1 = ∆L = 30.2 MHz (see Fig. 1). In
this case, the transition strength is resonant, while the
ω1 optical field is off-resonant with the |T 〉 → |e〉 transi-
tion by ∆L = 30.2 MHz. For a Ω1 = 3.1γe, the narrow
resonance is shifted downward by 3.0 G, approximately
3FIG. 3: Loss suppression using the two-field optical technique. The ω1 beam shifts the narrow Feshbach resonance and the
frequency of the ω2 beam is chosen to suppress loss from (a) the broad resonance (b) the shifted narrow Feshbach resonance;
(c) shows an expanded view of (b) near the loss suppression region. Pulse duration τ = 5.0 ms; T = 4.5µK; Ω1 = 2.6 γe;
Ω2 = 0.8 γe; ∆L = ∆1 = 30.2 MHz; B
′
res = 541.1 G. Solid red curves: Continuum-dressed state model [16].
30 times the width. The continuum-dressed state model
(solid red line), simultaneously reproduces the shift of the
narrow resonances and the amplitudes of both the narrow
and broad resonances, using the measured Ω1 [16].
For the two-field loss-induced suppression measure-
ments, Fig. 3, the ω2 optical field is applied. After sweep-
ing to the magnetic field of interest, the ω2 beam of inten-
sity of 0.4 kW/cm2 is adiabatically turned on over 30 ms.
The ω2 beam creates an optical dipole trap and provides
additional confinement in the z-direction, due to its high
intensity. This changes the axial trap frequency from 120
Hz to 218 Hz, with negligible change in the radial trap fre-
quencies. The ω1 beam is then turned on for 5 ms, after
which both beams are turned off abruptly. The detuning
∆2 of the ω2 beam can be chosen to suppress loss either
at the broad peak or the narrow peak. For ∆2 = ∆e = 0,
the loss is suppressed at the center of the broad peak
Fig. 3a. For ∆2 = ∆1 + 2µB (543.2 − B′res), the loss
is suppressed at the center of the shifted narrow peak,
Fig. 3b and 3c. The loss spectra clearly demonstrate the
Feshbach resonance can be strongly shifted and that loss
can be strongly suppressed using two-field methods. The
continuum-dressed state model (red solid curves) predicts
the features for all three data sets using the same Rabi
frequencies Ω1 and Ω2, which are close to the predicted
values [16]. We note that the predicted central peaks in
Fig. 3c are somewhat larger than the measured values,
which may arise from jitter in the two-photon detuning
and intensity variation of the Ω2 beam across the atom
cloud.
We have also measured light-induced loss and loss
suppression as a function of the ω1 laser frequency
near the broad resonance. Data for B = 840 G is
shown in Fig. 4. When the ω1 beam is tuned to achieve
two-photon resonance, the loss is highly suppressed. For
this experiment, ∆2 = 10 MHz. Since the maximum
suppression occurs for ∆e = ∆2, we observe an asym-
metric EIT window. To examine the loss suppression
further, we measure the number of atoms as a function
of time with the magnetic field tuned to the suppression
point. We observe dramatic suppression of loss using the
two-field method, achieving an increase of the inelastic
lifetime near the broad resonance of 6Li from 0.5 ms with
a single laser field to 400 ms with the two-field method,
Fig. 5, limited by jitter in the two-photon detuning.
FIG. 4: Loss suppression near the broad resonance at 832.2
G, for B = 840 G, as a function of single photon detuning
by sweeping the ω1 laser frequency. Pulse duration τ = 5.0
ms; T = 14.8 µK Ω1 = 1.36 γe; Ω2 = 0.9 γe; ∆2 = 10.0
MHz. Maximum suppression occurs for ∆e = ∆2 = 10.0
MHz, where δe = 0. Solid red curve: Continuum-dressed
state model [16].
Measured light-induced loss spectra are compared to
predictions by calculating the atom loss rate [16]. For
a 50-50 mixture of two hyperfine states, the total den-
sity decays according to n˙(r, t) = − 12 〈K2(k, r)〉 [n(r, t)]2.
Here, the angle brackets in 〈K2(k, r)〉 denote an average
over the relative momentum h¯k distribution. As the Rabi
frequencies that determineK2 generally vary in space, we
4include an additional position dependence in 〈K2〉. For
simplicity, we assume in this paper a classical Boltzmann
distribution, which is applicable in the high temperature
regime employed in the measurements and defer treat-
ment of quantum degeneracy and many-body effects to
future work.
The loss rate constant K2(k) is calculated from the
optically-modified scattering state in the continuum-
dressed state basis [16]. In previous calculations [7, 11,
12], interaction of the colliding atom pair with the opti-
cal fields is described in the “bare” state basis, Fig. 6a,
with singlet states, |g1〉, |g2〉, and |e〉, and triplet con-
tinuum |T, k〉. Using the continuum-dressed state ba-
sis, Fig. 6b, the bare states |g1〉 and |T, k〉, are replaced
by the dressed bound state |E〉 and the Feshbach reso-
nance scattering state |Ek〉. These dressed states already
contain the hyperfine coupling constant VHF , permitting
consistent adiabatic elimination of the excited state am-
plitude |e〉, even for broad Feshbach resonances where
VHF is large. From the scattering state, we determine
the corresponding two-body scattering amplitude f(k),
which yields K2(k) from the inelastic cross section. The
new model shows that the light-shifts arising from the
Ω1 beam have a different relative momentum (k) depen-
dence for broad resonances than for narrow resonances.
Further, it reproduces previous calculations [7, 11, 12]
that are valid only for narrow resonances and avoids pre-
dictions of a spurious broad resonance at B∞ that arises
when narrow resonance results are incorrectly applied to
broad resonances.
FIG. 5: Number of atoms in state |1〉 versus time with Ω1 =
0.65 γe and ω1 tuned to cause loss at 841 G. Ω2 = 0.9 γe and
ω2 is tuned to suppress loss near 841 G. With Ω2 = 0, the
corresponding decay time is ≃ 0.5 ms. γe = 2pi × 11.8 MHz
is the radiative decay rate; T = 4.5µK. Solid green curve:
N(t) = N(0)/(1 + γt), where γ = 2.5 s−1.
In conclusion, we have demonstrated that two-optical
field methods can produce large shifts of magnetic Fes-
hbach resonances and strong suppression of sponta-
neous scattering, enabling flexible control of the trade-
off between loss and tunability. We have established a
FIG. 6: Level schemes in (a) “bare-state” and (b)
“continuum-dressed-state” bases. |g1〉, |g2〉, and |e〉 are the
bare molecular states in the energetically closed (singlet)
channel. |T, k〉 is a bare continuum state in the open (triplet)
channel. The hyperfine interaction VHF couples the bare
molecular state |g1〉 and the continuum states |T, k〉, creating
the “continuum-dressed” bound state |E〉 and the (Feshbach
resonance) scattering state |Ek〉.
continuum-dressed state model that fits our measured
loss spectra in shape and magnitude, using the measured
Rabi frequencies and trap parameters. A key result of
this model is the prediction of the relative momentum de-
pendence of the light-induced level shifts for both broad
and narrow resonances, resolving a long-standing issue
with predictions for broad resonances. Using the pre-
dicted relative momentum dependence of the scattering
amplitude, the model can be used to examine optical
control not only of the scattering length, but of the effec-
tive range, which will be experimentally studied in future
work.
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Supplemental Material
Theory
To compare the measured loss spectra with predictions,
we find the two-field optically-induced change in the two-
body scattering properties of an ultra-cold atomic gas
near a magnetic Feshbach resonance. The scattering
length and effective range are determined by the relative-
momentum-dependent two-body scattering amplitude,
f =
e2iδs(k) − 1
2ik
=
|abg|
x cot δs(x)− ix , (1)
where h¯k is the relative momentum and the total scat-
tering phase shift δs(k) = ∆(k) + Φ(k) is found from
x cot δs(x) =
x cot∆(x)x cot Φ(x)− x2
x cotΦ(x) + x cot∆(x)
≡ q′(x) + iq′′(x). (2)
In Eqs. 1 and 2, we have defined the dimensionless mo-
mentum x = k|abg|, with abg < 0 the background scat-
tering length. ∆(x) arises from the background Feshbach
resonance, (Eq. 3 below) while Φ(x) arises from the opti-
cal fields (Eq. 8 below). For later use, we have defined the
real and imaginary parts of x cot δs(x), q
′(x) and q′′(x),
which determine all of the optically-controlled scattering
parameters.
The phase shifts ∆ and Φ are determined from the
scattering state in the continuum dressed state basis,
comprising the dressed bound state |E〉, the Feshbach
resonance continuum state |Ek〉, and the singlet states
|g2〉 and |e〉, as shown Fig. 6b of the main text. This
method enables adiabatic elimination of the excited elec-
tronic state |e〉 amplitude, even for broad Feshbach res-
onances where the hyperfine coupling constant is large,
as noted above, provided that the Rabi frequencies are
not too large. From the asymptotic (r → ∞) scatter-
ing state, we determine the scattering phase shift δs(k)
using a method analogous to Ref. [12] with 〈r|Ek〉 →
sin[kr+∆(k)]/(kr
√
V ) playing the role of the background
triplet continuum states 〈r|k〉.
In the absence of optical fields (Ω1 → 0), the model
presented in the Appendix of Ref. [12] determines the
Feshbach resonance continuum states with Ek = ET +
h¯k2/m ≥ ET , yielding
x cot∆(x) =
∆˜0 − ǫ x2
1 + ∆˜0 − ǫ x2
. (3)
where ∆˜0 ≡ (B −B∞)/∆B is the detuning for the mag-
netic Feshbach resonance and ǫ ≡ Ebg/(2µB∆B), with
Ebg = h¯
2/(ma2bg), m the atom mass, and µB the Bohr
magneton. With Ω1 defined as the Rabi frequency for
the singlet |g1〉 → |e〉 transition in Fig. 6a of the main
text, the Rabi frequency for an optical transition from
|Ek〉 to |e〉 in Fig. 6b of the main text is Ω1 |〈g1|Ek〉|,
where
|〈g1|Ek〉|2 = ǫ|abg|
3
2π2
L(∆˜0, x), (4)
with
L(∆˜0, x) =
1
(∆0 − ǫ x2) + x2(1 + ∆0 − ǫ x2)2 . (5)
Using the same model, we determine the dressed bound
state |E〉 by solving the Schro¨dinger equation for states
of energy E < ET , i.e., for E = ET −EmEbg, where Em
is the dimer binding energy in units of Ebg. In this case,
the Rabi frequency for an optical transition from |E〉 to
|e〉 in Fig. 6b is Ω1|〈g1|E〉|, where
|〈g1|E〉|2 =
(
1 +
1
2ǫ
1√
Em
1
(1 +
√
Em)2
)
−1
. (6)
The dimensionless binding energy Em satisfies,
ǫEm + ∆˜0 +
√
Em
1 +
√
Em
= 0, (7)
with ǫ and ∆˜0 as defined above. Here, ∆˜0 < 0 is required
for the bound state |E〉 of binding energy Em > 0 to
exist. Eq. 6 and Eq. 7 are equivalent to the results of
Ref. [20]. One can verify by numerical integration that
|〈g1|E〉|2 +
∫
∞
0 4πk
2dk |〈g1|Ek〉|2 = 1 as it should.
Including the interaction with both optical fields, we
find the asymptotic scattering state in the continuum-
dressed basis, which yields the optically-induced phase
6shift from
x cotΦ(x) = −
δ˜e(x) +
Ω˜2
1
4
h¯γe
2µB∆B
S(∆˜0, x) +
i
2
Ω˜2
1
4
h¯γe
2µB∆B
L(∆˜0, x)
. (8)
Here, the dimensionless detunings are given in units of
the spontaneous decay rate γe,
δ˜e(x) ≡ ∆˜e(x) + Ω˜
2
2
4δ˜(x)
(9)
∆˜e(x) ≡ 2piν1γe −
2µB
h¯γe
(B −Bref ) + Ebgh¯γe x2
δ˜(x) ≡ 2pi(ν2−ν1)γe +
2µB
h¯γe
(B −Bref )− Ebgh¯γe x2,
where ν1 = 0 corresponds to a single photon T → e res-
onance (∆˜e = 0) at the reference magnetic field Bref .
Similarly, ν2 = ν1 corresponds to the two-photon reso-
nance (δ˜ = 0) for the g1 → e → g2 transition. The di-
mensionless Rabi frequency is Ω˜1 ≡ Ω1/γe for the g1 → e
transition and Ω˜2 ≡ Ω2/γe for the g2 → e transition.
The numerator of Eq. 8 contains an Ω1-dependent en-
ergy shift, with
S(∆˜0, x)
2µB∆B
≡ P
∫
dk′ 4πk
′2 |〈g1|Ek′〉|2
Ek′ − Ek
− |〈g1|E〉|
2
Ebg Em +
h¯2k2
m
Θ[B∞ −B]. (10)
The integral term arises from the dressed continuum
states, whereE′k−Ek = h¯2(k′2−k2)/m, P denotes a prin-
cipal part (k′ 6= k), and |〈g1|Ek′ 〉|2 is given by Eq. 4. The
second term arises from the dressed bound state, which
exists for B < B∞. The binding energy ET−E = EbgEm
is determined in units of Ebg using Eq. 7 and 〈g1|E〉|2 is
given by Eq. 6.
Eq. 10 is reasonably complicated. However, for the
broad 1−2 resonance in 6Li, where ǫ = Ebg/(2µB∆B) =
0.00036 << 1, and for the narrow 1− 2 resonance, where
ǫ = 556 >> 1, we find that the dimensionless shift func-
tions can be simplified,
S(∆˜0, x) =
∆˜0 + (1 + ∆˜0)x
2
∆˜20 + (1 + ∆˜0)
2x2
for ǫ << 1
S(∆˜0, x) =
1
∆˜0 − ǫ x2
for ǫ >> 1. (11)
We confirm Eq. 11 by numerical evaluation of Eq. 10 in
the broad and narrow resonance limits.
The shift given by Eq. 11 for the broad resonance
ǫ << 1 is an important new result of the continuum-
dressed state approach and leads to a k-averaged two-
body loss rate constant in agreement with our experi-
ments. In particular, it avoids the incorrect prediction of
a fixed resonance in the momentum-integrated loss rate
at B∞, which arises when the narrow resonance form of
the shift is incorrectly applied to describe the broad res-
onance.
Now we determine the two-body loss rate constant,
K2(k) from the inelastic scattering cross section,
K2(k) = vrel σinel(k) =
h¯k
µ
σinel(k), (12)
where µ = m/2 is the reduced mass. For a two-
component Fermi gas (where atoms in different hyper-
fine states are distinguishable), the optical theorem for
the total scattering cross section and the definition of the
elastic scattering cross section give the inelastic scatter-
ing cross section in the form
σinel = σtot − σel = 4π
k
Im[f(k)]− 4π|f(k)|2. (13)
Using Eq. 2 in Eq. 1, the scattering amplitude is f(x) =
|abg|/[q′(x)− i(x− q′′(x))], and
K2(x) =
8πh¯|abg|
m
−q′′(x)
[q′(x)]2 + [x− q′′(x)]2 . (14)
The atom loss rate depends on the relative-momentum-
averaged loss rate constant. For simplicity, we assume a
classical Boltzmann distribution of relative momentum,
which is applicable for the temperatures used in the ex-
periments that are reported in this paper. We defer
treatment of degeneracy and many-body effects to future
work. For a classical gas at temperature T , the relative
momentum-averaged loss rate constant is then,
〈K2〉 = 4√
π
∫
∞
0
du u2e−u
2
K2(u x0), (15)
where x0 ≡ k0|abg| with h¯k0 =
√
mkBT the thermal
relative momentum.
We measure the net atom loss rate for a 50-50 mixture
of two hyperfine states, denoted 1 and 2. In this case,
the densities n1(r) = n2(r) = n(r)/2, where n(r) is the
total density. Then, the local loss rate is
n˙(r, t) = −1
2
〈K2(r)〉 [n(r, t)]2. (16)
As the Rabi frequencies that determine K2 generally
vary in space, we include an additional position de-
pendence in 〈K2〉. The total loss rate constant is the
sum of the independent broad and narrow contributions,
K2 = K2B + K2N , since the singlet states |g1〉B and
|g1〉N that cause the broad and narrow Feshbach res-
onances comprise different combinations of total elec-
tron and nuclear-spin states, which are not optically cou-
pled [12].
Eq. 16 gives the position-dependent loss rate, which is
largest where the density is largest. To determine the
total number of atoms N(t) at a time t after the op-
tical fields are turned on, we need to consider possible
time-dependent changes in the spatial profile of the atom
cloud, which is initially gaussian in all three directions.
7For moderate atom loss, when the duration of the opti-
cal pulse is long compared to the oscillation frequencies
in all three directions, the gaussian initial shape of the
atomic distribution will be approximately maintained as
the total number decreases. Eq. 16 can be integrated
over all three directions to obtain N˙ . Assuming that
the diameter of the atom cloud is small compared to the
diameters of the optical beams, so that the Rabi frequen-
cies are nearly independent of r, we have N˙ = −ΓN2,
where Γ = n¯2N 〈K2(k)〉, with n¯ the mean density. For a
gaussian atomic spatial profile, where the 1/e widths are
σx, σy, σz , n¯/N = 1/[(2π)
3/2σxσyσz ], which is indepen-
dent of the atom number. In this case,
N(t) =
N(0)
1 +N(0) Γt
. (17)
For simplicity, we use Eq. 17 to predict all of the spectra
shown as the red curves in Figs. 2, Figs. 3 and 4 of the
main text. Although the period for motion in the z-
direction is comparable to the optical pulse duration, we
find that this approximation yields spectra that are in
reasonably good agreement with all of the data.
Experiment
The method for generating the optical fields for the
two-field optical technique is shown in Fig. 7. The fre-
quency of the reference laser LR is stabilized by a PDH
lock to the FP cavity. The FP cavity is locked to the error
voltage generated from the iodine saturation absorption
signal, using a beam from the reference laser LR.
FIG. 7: Diode laser system for two-field optical control. LR provides the frequency reference for the diode lasers L1 and L2 that
generate the optical frequencies ω1 and ω2, near 673.2 nm, which excite molecular transitions from the
6Li singlet molecular
vibrational ground states v = 38 and v = 37, respectively.
The main advantage of this setup is that it exploits the
high bandwidth lock of the PDH technique to minimize
the fast jitter of the diode lasers and simultaneously pro-
vides an absolute frequency reference. Laser L1 with fre-
quency ω1 is frequency offset locked to the reference laser
and generates the optical field for the v = 38 to v = 68
transition. Laser L2 with frequency ω2 is locked to a dif-
ferent mode of the cavity and generates the optical field
for the v = 37 to v′ = 68 transition which is approxi-
mately 57 GHz higher in frequency from the v = 38 to
v′ = 68 transition. The relative frequency jitter between
the lasers is ∆ν < 50 kHz and the absolute frequency
8stability is <100 kHz. As the optical linewidth of the
molecular transitions is γe = 2π × 11.8 MHz, the abso-
lute stability is not as critical as the relative stability,
which limits the effective linewidth of the ground state
coherence created by the two-field method.
Determination of the trap frequencies
For the CO2 laser trap alone, the trap frequencies for
the x, y and z directions are determined by paramet-
ric resonance. However, the intense ω2 beam creates a
red-detuned optical dipole trap and provides additional
axial (z) confinement for the atom cloud, with negligible
change in the transverse x, y confinement. To determine
the correct mean atom density, it is important to mea-
sure the ωz trap frequency including the effect of the
ω2 beam on the atoms. For the two-beam trap, we find
that parametric resonance does not yield a high precision
measurement of ωz. Instead, we use cloud size measure-
ments to find the total trap frequency ωzt, arising from
combined the CO2 laser and ω2 beam potentials. The ω1
beam is turned off throughout the measurement. After
forced evaporation in the CO2 laser trap near 832 G and
re-raising the trap to full depth, the ω2 beam is adiabati-
cally turned on over 30 ms. Then both the CO2 laser and
ω2 beams are abruptly turned off simultaneously and the
atoms are imaged after as short time of flight to deter-
mine the 1/e size σzi of the cloud just before release. The
same procedure is repeated again, but this time, only the
ω2 beam is abruptly extinguished, so that the atoms are
released from the ω2 trap into the CO2 laser trap, where
the axial frequency is ωz < ωzt. After a hold time of 200
ms, the atom cloud reaches equilibrium and is imaged to
determine its final axial width σzf in the CO2 laser trap
alone. From σzi and σzf , we determine ωzt using energy
conservation as follows.
Just before the ω2 beam is extinguished, the mean z-
potential energy per atom is 12mω
2
zt〈z2〉, where 〈z2〉 = σ
2
z
2
is the mean square cloud size. As the pressure is isotropic,
the total potential energy of the atoms taking into ac-
count all three directions is 32mω
2
zt
σ2zi
2 . According to
virial theorem [21], the mean internal energy of a uni-
tary gas (near 832 G) is equal to the mean potential
energy. Hence the internal energy of the gas at the time
of release is also 32mω
2
zt
σ2zi
2 . Just after extinguishing the
ω2 beam, the potential energy of the atoms (in the CO2
laser trap alone) is 32mω
2
z
σ2zi
2 , since σzi has not changed.
The total energy of the atoms immediately after the ω2
beam is turned off is then Eti =
3
2mω
2
zt
σ2zi
2 +
3
2mω
2
z
σ2zi
2 .
After reaching equilibrium, the total energy of the atoms
in the CO2 laser trap alone is twice the mean potential
energy, Etf = 3mω
2
z
σ2zf
2 , according to the virial theorem.
By conservation of energy Eti = Etf ,
ω2zt = ω
2
z
(
2
σ2zf
σ2zi
− 1
)
, (18)
which gives ωzt in terms of the CO2 laser trap axial fre-
quency, ωz.
The combined trap frequency ωzt determines the initial
temperature T of the cloud in the total trapping potential
(before release) using kBT = mω
2
zt〈z2〉 = mω2zt σ
2
zi
2 . The
cloud sizes in the x and y dimensions are then easily
found from ω2xσ
2
xi = ω
2
yσ
2
yi = ω
2
ztσ
2
zi, yielding n¯/N .
Determination of the Rabi frequencies
We first estimate the Rabi frequency Ω1 from the pre-
dicted electric dipole transition matrix element. In 6Li,
|g1〉 is the 1Σ+g (N = 0) v = 38, vibrational state, which
is responsible for the Feshbach resonance. Starting from
that state, the best Franck-Condon factor [22] arises for
an optical transition to the excited A1Σ+u (N = 1) v
′ = 68
vibrational state, which we take as |e〉. For the two-field
experiments, we take |g2〉 to be the v = 37 vibrational
state, which is essentially uncoupled to the triplet state,
as it lies ≃ 57 GHz below the resonant state. For the
v = 38 → v′ = 68 transition, the predicted oscillator
strength is feg = 0.034 [22]. We find that the correspond-
ing Rabi frequency is Ω1 = 2π × 5.6MHz
√
I, where I is
the intensity of the optical beam given in mW/mm2.
We measure the atom number, the temperature, the
diameter and power of the ω1 beam. For spatially uni-
form illumination, we use an ω1 beam with a 1/e
2 in-
tensity radius of 750µm, large compared to the size of
the trapped cloud (65 − 75µm). Using the measured
values, we fit all of the loss suppression data shown in
Fig. 3 [a,b,c] of the main text using Ω1 = 2π×c1MHz
√
I,
with c1 = 5.45(0.10). The measured Rabi frequency is
in good agreement with the value 5.6 predicted using the
Franck-Condon factors, based on the vibrational wave
functions obtained from the molecular potentials [22].
For Fig. 2 [a,b,c] and Fig. 4 of the main text, we find
a smaller value c1 = 5.1, most likely due to imperfect
overlap of the Ω1 beam with the atom cloud.
Using Ω1 = 2π×5.1MHz
√
I, we see from Fig. 2 [a,b,c]
of the main text that the continuum-dressed state model
correctly predicts all three shifts of the narrow resonance,
which is the dominant factor in determining c1. Fur-
ther, for all three spectra, the amplitude and widths
for both the broad and narrow resonances are correctly
predicted without further adjustment. As the shift de-
pends on Ω21 while the magnitudes of the loss rates
depend on the product Ω21 |〈g1|Ek〉|2, the good agree-
ment in the shape of the spectra confirms the transition
strengths and momentum-dependent shifts predicted by
9the continuum-dressed state model over the range from
540 G to 840 G.
For the loss-suppression measurements, we find the ad-
ditional Rabi frequency for the ω2 beam, Ω2 = 2π ×
c2MHz
√
I. Here, the 1/e2 radius of the ω2 beam is
160µm along the z-axis and 70µm along the x-axis. Us-
ing the data of Fig. [3] of the main text, we find c2 = 0.14,
in reasonable agreement with the predicted value of 0.17
for the very weak v = 37→ v′ = 68 transition [23].
